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ON THE DERIVATIVES OF A SPECIAL FAMILY
OF B-SPLINE CURVES

Miklés Hoffmann (Eger, Hungary)

Abstract. This paper is devoted to the geometrical examination of a family of B-spline
curves resulted by the modifiaction of one of their knot values. These curves form a surface, the
other parameter lines of which are the paths of the points of the original curve at a fixed parameter
value. The first and second derivatives of these curves are examined vielding geometrical results

concerning their tangent lines and osculating planes.

AMS Classification Number: 68U05

1.Introduction

B-spline and NURDBS curves are well-known and widely used description
methods in computer aided geometric design today. The data structure of these
curves are very simple, containing control points, knot values and - in terms of
NURBS curves - weights. The modification of the control points and the weights has
well-known effects on the curves (see e.g.[9]), while more sophisticated possibilities
of curve modification by these data can be found in [1}, [3], [4], [8], [10].

The modification of the knot values also affects the shape of the curves, but
this effect has been examined only numerically. Some geometrical aspects of the
behavior of a B-spline or NURBS curve modifying one of its knot values have
been described recently in [5], [6], [7]. The purpose of this paper is to extend these
geometrical representations by examining the curves around the parameter value
of the modified knot.

Definition. The curve s(u) defined by

is called B-spline curve of order & (degree & — 1), where N} (u) is the {** normalized
B-spline basis function, for the evaluation of which the knots ug, w1, ..., unqr are
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necessary. The points d; are called control points or de Boor-points, while the
polygon formed by these points is called control polygon.

Definition. The j** span of the B-spline curve can be written as

J
sj (u) = Z dNf (u), w€[uj,ujs).
=j—k+1

Modifying the knot wu;, the point of this span associated with the fixed
parameter value @ € [u;, uj41) will move along the curve

J
sj (@, uq) = Z N,k (T, u;)dy,  w; € [ui—1, uip1]-
I=j— k41

Hereafter, we refer to this curve as the path of the point s; (). In [5] and [6] Juhész
and Hoffmann proved important properties of these paths, among which the most
important is the following

Theorem 1. Modifying the knot value w; € [u;_1,ui41] of the k** order B-spline
curve, the points of the spans s;_41(u), ..., s;pr—2(w) moves along rational curves.
The degree of these paths decreases symmetrically from k — 1 to 1 as the indices
of the spans getting farther from i, i.c. the paths s;_., (@, u;) and s;4m—-1(%, u;) are
rational curves of degree k — m with respect to u;, (m=1,...,k—1).

Beside these paths we can also consider the one-parameter family of B-spline
curves

n
s(u, ;) = A NF (w, ), € [up—1, tng1]
=0
yielded by the modification of the knot value w;. In trems of these curves another

property has been proved by Juhasz and Hoffmanu (sec [6]), namely the family of
these curves has an envelope, which is also a B-spline curve.

Theorem 2. The family of the k** order B-spline curves s (u,u;), (k > 2) has an
envelope. The envelope is also a B-spline curve of order (k — 1) and can be written
in the form

i—1
k-1
b(v) = E N T (v), v € [vio, v,
l=1—=k+1
where v; = u; if j < i and v; = uj41 otherwise, that is the "
removed from the knot vector u; of the original curves.

knot value is
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Hence two families of curves have been received, the paths of the points and
the B-spline curves themselves. These two families of curves can be considered as
parameterlines of the surface patch

s (u, u;) Z diNF( w,u),  wE [who1, Unt1], W € [Uio1, uig1).

The envelope mentioned above in Theorem 2. 1s a curve on this surface, but
the parameter lines behave in a singular way at the points of that curve. We have
seen that it is an envelope of the family of B-spline curves. In the next sections,
where we will restrict our consideration to the cubic case (k = 4) the derivatives of
the two families of curves will be computed in the points of the quadratic envelope
by the help of which we will prove, that this curve is also the envelope of the paths
and both families have the same osculating plane at every point of this envelope,
which plane is also the plane of the envelope itself.

2. The derivatives of the curves

Let the knot value u; of a cubic B-spline curve defined above be modified. At
first the family of B-spline curves will be considered, the derivatives of which can
be calculated by a well-known iterative formula, which can be found e.g. in [9]:

(1) Z d;3 ( NP (w, uy) — f—l—f\fli_l(ju,u,;)>

i Uiy3 — Uy Upa — U]

Using this rule the first derivatives of the coefficients are

ONE 4 _ 1 Uip1 — U Uiyl — U
du g1 — oo Uipl — Ujm1 Uip1 — U;

ONE, _3 1 Ujpr — U Ujpr — U
3u - ( Uip1 — Uj—2 U1 — Uj—1 Uj41 — Yy

1 U— U1 Ujp] — U n Uiga — U U — U
Uigs — Wim1 \ Uigl — Wim1 Ui — Uy Wjan — Ui Uiy — s ) )
A Ard
ONZ _3 1 U— U] Ujp1 — U N Uigs — U U — Uy
8u Ujpa — Uj—1 Ujp1 — Uj—1 g1 — Uy Uiggpa — U Ujgp1 — U

1 U — Us U — U
- b
Uj43 — Uf Uj42 — Uj Ujq1 — Ug
ONE 1 w—U; U= U

5’1L Ui43 — Uy Ujq2 — Uj Uil — Uy
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The second derivatives of these curves can also be calculated applying the

equation (1) iteratively for the basis functions of degree 3. The second derivatives

are
PPN
Z @’k
Gu?
1=i—-3

where the coefficients are

2
O N, -3 1 3 1 Uigl — U Uig1 — U 1

du® Ujr1 — Ui Uigl — Uiy Uiy — U Uig] — Ujm] Uil — Uy
92
O* NP, s 1 1 Ujpy — U Ujp1 — U 1

du’ Ujp1 — Uj_a Ujp1 — Uil Uiy — Ui Uip1l — Ujm1 Uip1 — Uy

s 1 ( 1 Uigl —U U= Uiy 1
Ujpy — Uj—1 \ Uil — Ui—1 Uip1 — Uy Uj4r — Ujmy U1 — Ug
1 U — U Ujpa — U 1
- +
Ujps — Up Uiyl — g Ujpy — U Uiy — Uy
2
B“Nf_l 3 1 1 Uipp — U U Uy 1
Au’ Uigs — Uiy \Uig1 — Uj—1 Uip1 — W Uil — Ui Uipl — Us
1 U — u; Ujpg — U 1
— +
Ujpa — Ug Uiy — Uy Uj4ar — U Uiyl — Uy
3 1 1 U — Ug 1 U — Ug 1
Uip3 — U Uipo — U Uil — Yy Ui43 — Ug Uy — Up Ui
1 U — U; 1 U — Us 1
Ujp3 — Uj Ujpz — U Uj41 — Uy '

PN} _3( 1

du? Ujps — Uj Uipa — U; Ujpl — Uj

Now the other family of curves, namely the paths will be considered. The first

derivative of this family is

O

Js;
- Z d; Fu.

g
{=i—3

where the coefficients are
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31\',-4_3 Uip1 — U Ujp1 — U Ujgp1 — U
= 7
Ju; Uip1 — Uim2 Uit1 = Uim1 (ujp1 — ;)
ONE , W= Uiy Uppl — U Uipp — U
Ou; Uil — W= Ui — Ui—1 (U — U;)°
Ujpr — U U — Uj—1 Ujp1 — U

2
Uig2 = U1 \ Uil — U1 (Ujpq — Uj)

Ujga — U U — Uy Uips — U U — Uj41

(Uiga — ui)2 Uiy — Yy Uiga — Uy (uH.l — u,-)z

ONE | U— U U= Ui_1 Ul — U
- R
Ou; Uipz — Uim1 \ Uil — Wim1 (wipp — ;)
Uipa — U U — U T R B P

(Wig2 — m)2 Uigl — U Uigd — U (uyyq — “i)z

Uiys — U U—U  U— Y

2
(Uiga — ui)” Wige = W Uip) — Uy

Uits — U U — Uiy U — Uj; U=y U — Ujg1

3 2
Ui43 — U WUjgn — U;)" Uigl — Uy Ui — U (Ujp — Uy
+ +

ON} U — Ujys u—u;  U— U

¥ - 2
Qi (wjps — ug)” Uita — Wi Uig1 — U

U — U; U — Uiy U — U; U — U U — U;

3 3
Uigs — U\ (Uipa — ;)" Wil — Ui Uips — U (w0 — ;)

The second dertivatives of these paths are the following

83si _ zl: d 62N,‘*

5 = =33
dus Ou;

I=i—

where the coefficient functions arc large polynomials thus, for the sake of
brevity they are not presented here.

2. New results

Using the derivatives of the preceeding section the following theorems can be
proved (in these proofs the Maple software was applied for the evaluation and

simplification of polynomials):



66 M. Hoffmann

Theorem 3. If we consider the surface s; (u,w;), v € [up—_1,Unt1], w €
[wi_1,u;41) then the envelope of the family of B-spline curves s; (u,;) is also
the envelope of the family of paths s; (i, u;) at the points corresponding to u = u;.

Proof. It is sufficient to prove, that the two families of curves have points and
tangent lines on common at the points corresponding to the parameter value v = wu;.
If we fix the parameters u = @ and u; = 4; then a member of both families of curves
has been selected. Substituting these parameters to both of the curves the existence
of the common point s; (%, @) = s; (&, 4;) immediately follows. For the proof of the
common tangent lines the first derivatives of these curves will be used. Substituting
the parameter w = u; to the coeflicients after some calculations one can receive,
that

aN{*_‘r_‘; _ 1 (?AT?_B _ 1 Uig1 — Uy
au,’ I - 3 Ou w=u; - Uijp1 — YUj2 Ujp1 — ui_l’
INE, 1 ONE , _ 1 ( Uy — Ui_a Uips — Us )
eL I - T3 du — CUig1 — Uioy \Uip1 — Ui_a Ui — Uj_q
81\71-4_1 o 1 6N{L_1 . ]. U; — U1
O ymy, T3 Gu _— - _ui+1 — Ui Ujss — U1
ONE _ON} _0
Ou; _— T Hu — o

which yield, that
E)si (U, Ui)

Ju

L Js; (u,u;)
3 8uz~

u=u; u=u;

L.e. the curves have also tangent lines on common at the points of the envelope.

With the help of the second derivatives of the coefficient functions the
osculating plane of these curves can also he examined.

Theorem 4. The osculating planes of the two families of curves s; (u, ;) and
s; (@, u;) coincide at every point of the envelope and this plane is that of the three
control points d;_3,d;_5,d; -1 for every u;.

Proof. The osculating plane is uniquely defined by the first and second derivatives
of the curve. Since Theorem 3 holds for the first derivatives it is sufficient to prove
that the second derivatives of these curves are also parallel to each other. Using
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the second derivatives of the coefficient functions and substituting the parameter
value u = u; the following result can be obtained:

02 Ard 2 a74
Oui? o, 3 OWP |y Uip1 — Wi_ 2 Uip] — Wim1
PNE, 10°NE, —Ujp1 F Ujmn — Ui + U1
i-2 _ i-2 _ + +
= — = )
Ou;® weu, 3 ou’ N (—wipr + wic1) (Uig1 — Ui-1) (—Uigp1 + Ui—2)
O*NE _1OPNE, _ 1
- = = ——a— = )
du;i? wey, 9 ou’ _— (g1 — wi—1) (Uisr — Ui—1)
52 ard A2 Ard
0° N; . d*N; — 0
2 = 3 =Y
6“" u=u; 6“’ u=u;
which immediately yield, that
9%s;i (u, u;) 19 (u, )
3,2 ~ a Dyp. 2
all. U=uj 3 0“'1 U=u;

Hence the osculating planes of the two families of curves coincide at the parameter
values u = u;. Moreover, the second derivatives do no depend on u;, and using the
notations

_ azN{L—I}

L B PN,

Ju;r T ow?

they can be written in the form

9%s; (0, u;
st |y dy g —dsa) + B(dis —di_y),

0“”:2 u=u,

3%s; (u, u; 1 1

wz =-A(di_3—di_a)+ - B(dj_2 —di_y).
al“ U=Uy 3 . v 3

This means that these derivative vectors are in the plane of the control points
d;_3,d;_2,d;_; for every u;. The same holds for the first derivative vectors since
the envelope is a quadratic B-spline curve (a parabola) defined by these control
points and it has common tangent lines with both of the families of the curves at
u = u;. This yields, that the osculating planes of the curves coincide with the plane
of the three control points mentioned above for every u;.

4. Further Research

Some geometrical aspects of the modification of a knot value of a cubic B-spline
curve Lave been discussed. Defining a special surface with two families of curves it
turned out that these two familics have the same envelope at a certain parameter
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value and even the osculating planes coincide. This plane is a constant plane and
defined by three control points of the original B-spline curve. Natural extensions
of these results would be desired for B-spline curves of arbitrary degree, but the
derivatives of these curves in the direction w; should be calculated by recursive
formulae of the derivatives of the basis functions and these formulae have not been
found yet.
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